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ABSTRACT

The general conditional equations which govern the phase squilibria
in three-component systems are presented. Using the general conditional
squations, a general method has been duveloped to precalculate ths phase
equilibria in three-component systems from first pricciple using computer
technique. The method developed has been applied to several model examples
and the system Ta-Hf-C. The phase equilibria in three-component systems
calculated using the simplified method as originally developed by Rudv, agree
well with thoge calculated by the present method. The only difference is in
the homogeneous range with respect to the interstitial component of solid solu-
tions which exhibit large variation with metal exchange. This is to be expected
in view of the assumptions made in the simplified method.

In connection with the phase diagram calculation and other problems of

the present Air Force contract, several computer programs have been develop-
ed which are included in the appendix of this report.
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I. INTRODUCTION AND SUMMARY

A. INTRODUC TION

Apart from theoretical interest, the capab.lity of predicting
phase equilibria in three-component systems from binary data is of practical
significance since the cost of experimentally investigating phase equilibria
in ternary systerus is rather high. For the transition metal o metalz.carbon
ternary systems (i.e. the interstitial type of solid solutions), a method has

(1)

assuming that the intermediate phases in the metal -carbon and metal -carbon

becn developed by Rudy' ' to pred.ct the phase equilibria in ternary systems
binaries are either of line~-compounds or that both phases are of equal depend-
ence of the free energy on the concentration coordinate of the interstitial
component. In cases, where the homr~geneous ranges of the solid solutions
with respect to the interstitial component changes drastically with metal
exchange, the simplified method does not predict, as to be expected from the
assumptions made, the exact phase boundaries. The purpose of the present
work is t¢ develop a general method using computer technique to predict the
phase equilibria in three-component systems with no assumptions made as in
the simplified method. This general method will predict not only the phase

equilibria but also the correct homogeneous ranges of the single phases.

B. SUMMARY

The conditioral equations which govern the phase equilibria in
three-component systems are presented. Using the conditional equations, a
method has been developed using computer technique to precalculate the phase
equilibria in three-component systems from first principle. The method
developed has been appiied to model examples and the system Ta-H{-C. The
phase equilibria in three component systems calculated using the simplificd
method originally developed by Pudy, agree rather well with those calculated
by the present method. The only difference is in the homogeneous ranges of
solid solutions which exhibit large variation with metal exchange. This is to

be expected in view of the assumptions macde in the simplified method.
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Several computer programs for the phase equilibrium calcu-
lations as well as for other problems of the present Air Force contract have
been developed. The fortran statements of ali the computer programs are

inciuded in the apperdix at the end of the report.

II. THERMODYNAMIC DESCRIPTION OF PHASE EQUILISRIA IN
THREE COMPONENT SYSTEMS

According to the phase ruie, at constant pressure the maximum number
of coexisting phases in a one-component system is two, two-component system
three, and three~component system, fouar. In addition, if one fixes tempera-
ture, the maximum number of coexisting phases in a ternary system reduces
to three. Consequently, an isothermal section of a ternary phase diagram is
built up of one-phase, two-phase, and three-phase equilibria. On the one hand,
concentrations of the coexisting phases in a two-phase field determine the
phase boundaries of siagle-phase fields. On the other hand, the boundaries of
a three-phase equilibrium are the limiting tie-lines of the three adjacent two-
phase equilibria. We shall now discuss first the thermodynamics of two-phase

equilibria,
A. TWO-PHASE EQUILIBRIA IN THREE-COMPONENT SYSTEM

The Gibbs free energy of formation of a two-phase alloy,
AxByCz as shown in Figure 1 is a linear combination of the Gibbs free energies
of formation of the two coexisting phases A_,B ,C , and A_,B ,C ,. Express-
x' Ty Tz xT 'y =z

ing in mathematical terms, we have
AG = leGl + uzAC.2 (1)

where AGC, AG!. and AGz are the Gibbs free energies of formation of the two-
phase alloy and of the two co-existing single phases; and v, and v,are the
relative amounts of the twc co-existing single phases. If we take one gramatom

of alloy as our basis, we have the following three bo- adary conditions:
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Figure l. Two-Fhase Equilibria in a Ternary System.

Two additional boundary conditions can be obtained resulting from the con-

servation of masses:

v+ oux" o Tx {5)

viy't vy sy (6)




Given AG, and AfG, a8 a function of compasition at constant P and T and a
set of x,y,z values, we would like to calculate the values of x',y',z' and
x",y", and z". Since there are eight unknowns: Vs vz,x'. y'.2',\x", y", and z"
and five equations {2 to 6), we have only three independent variables. We can
choosc any three variables as we wish. In the present case, we shall choose
x',y', and x'', as our ultimate variables. By elimination of the various vari-
ables in equations (2) through (6}, we obtain the following expressions for

vi»v,»z',y'" and 2" In terms of x', y' and x'":

x "x“‘

Ry N
x - x!
v T TR (8)
z! = 1 - x! - Yi (33.)
. xl- xll X = x!l
y': oo vt o Y (9
and
zll = 1 - x" - yll (43)

In order to solve for x',y' and x', we need three additional equations which must
be derived from the condition that at equilibrium AG according to equation {1}
is a minimum. We can minimize AG, with the five constraints expressed by
equations (2) through (6), after the method of Lagrange as was originally done

by Rudy(l). We obtain,

AG -a, -a4x' -yt =0 (10)

aG -a, -ax" -qy" = 0 (11)
8AG-l

Y1 3xT ~%, "% =0 (12)
9AG

Vl —a?r— "uz "asvl - 0 (13)




1 'E‘—l "% =0 (14
3aG,

Y2 3" ~% "% =0 (15)
BAGZ

Vz W- -0.3 -Osvz =0 (16)
9 AG2

VZW "0.3 = 0 (17)

From equations (12), (13), (15), and (16); (12), (14), {15), and (17); and (12),
{(14), {15), and (17), we obtain the following additional equations:

'aAG1 3AG [aAG2 9AG
el e N E T,,% {18)
L Ox y » P x y T.p
'aAGl 394G, 8AG, 294G,

-T - = 57 - eIl (19)
f'—éz >'d T, p gz Bx T.p

and ~
é)AGl SAG ! .

BAG‘ aAG
- 1 11 1 (2] -
AGI- AGz—(x-X ) AR -TAR Tp+ {(y'- v'") T_uy 5z i1, p (20)

From equations (18), (19), and (20), we can in principle solve for x'", x', and

Yy -
to the three independent variables x'', x', and y', the solving of the three

However, since the equations for AG! and AGz are non-linear with respect

simultaneous equations is not very simple. Instead, it is more convenient to
numerically find the minimum value of AG according to equation (1) by varying
the values of x'', x', and y' from 0,0 to 1.0. We can take any small incremental
value as we rish. In general, for phase diagram calculations, we have found

a value of 0,C! is sufficient.

Since x' + y' =1, we need only to consider the values uf n', y',

and x'' in th= prism as shown in Figure Z for the computation of AG. Moreover

e

o
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Figure 2, Schematic Representation of the Three Independent
Variables x',y' and x'' for Two-Phase Equilibria
in a Ternary System when x" > x.

the values of x always lie between those of x' and x''. For =ach value of x"
greater than x, we compute AG for all values of x' smaller than x, i.e. the
shaded trapezoidal region (in Figure 2) and for each value of x' smaller than
x, we do the similar computations for all values of x' greater than x, i.e. the

shaded trapezoidal region in Figure 3.

Since vV, and y' are all positive, rearranging equation (%},

we have
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Figure 3. Scheriatic Representation of the Three Independent
Variwovles x',y', and x'"" for Two-Phase Equilibria
in 2 Ternary System when x" < x

x“

V. 1 "
DR S _Z e X - xX=-x
y " ik A ST Y (21)

1 1 1

Equation (21) gives an upper limit of y'.

e ™ rm

The number of computations for searching the minimum of

[N
.

AG according to equation (1) can be further reduced when we use the additional

information provided by the binary phase boundaries.

Before proceeding further, we must have some mathematical

expressions for AG, and AG_.. As shown previousl ,(2'3) the free energy of a
1 2 p Y BY

= - —
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single phase of tha interstitial type of solid solutions such as the ternary
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« =av be adequately represented by the following expression,

, . . ' x| l‘l ' xl ‘ 1
AG‘ {in cal/gatom alloy) = x AGAC; ¥ AGBC; UJ-_z‘)* RT [x ln-r-_;r‘“/ lnl—_Lzr (22)
where x',y' and z' are atom fractions of A, B, and C in phase 1, ¢' is the
interaction parameter for the solid solution (A.B)Cu. R is the universal gas
constant, T is the absolute temperature, and AGAC and AGBC are the Gibbs

u
free energies of formation of the two respective binary phases in ca.l/gatorn A

or B, We have a similar expression for AG2 which is a function of x'', y" and z'.

Often we have the cases where the solubility of the third com-
ponent, let's say C, in the solution (A,B)('J-“l is so small that for practical pur-~
poses, we can take u as zero. For such cases, z' = 0, we reduce the three
independent variables x', y' and x'" to only x' and x"', Therefore, the search
for a minimum for AG according to equation (1) reduces from a three-dimensional

to a two-dimensional problem.

Mcdel Example 1:

Let us now take a hypothetical case where A and B form a series
of continuous solid solutions at high temperature; A and C and B and C foria
two intermediate phases ACV, ACW and BCV. BCw. respectively as shown in
Figures 4 and 5. Moreover, the solubility of C in the solid solution {(A,B) is
assumed to be small; and (A, B)Cv and (A, B)CW form two series of continuous
solid solutions. The hornogeneous range with respect to component C is narrow
in the solid solution (A,B)CW solid solution. We would like now to compare the
tie-line distributicons in the two-phase regions (A,B)-(A,B)CV and (A, B)-(A,B)Cw
calculated at 2000°K using the method described here with those calculated by
the simplified method( ”.

The Gibbs free energies of the four binary intermediate phase:
ACV. BCV, AC ., and BCW may be represented by the following equations (see
Figures 4 and 5),

Gt GEE SR o=

ams M BED BES BeS Pt s
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Gibbs Free Energies of the Two Intermediate Phases

ATOMIC FRACTION OF C

ACV and ACW in the oinary A-C.,

AC
v

BC

1}

2

l-z

1
T-z

{23, 000-240, 000 z + 600, 000 2%}

{35,710-418,882 z + 1,102,162 2°}

(23)

(24)
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Figure £. Gibbs Free Energies of the Two Intermediate Phases -

BC_and BC_ in the Binary A-C.
v w

1 2

AG c, R v {121, 065-504,220 z + 504,220 z*} (25)
.1 2

AGBCW = 1=z (15,335-83,5552 + 89,780 2" } (26)

The Gibbs free energies of the ternary solutions (A.B)Cv and (A, 13)CW may
take the same form as equation (22). The interaction parameters for the

three solid solutions are taken to be,

P

10
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(A.B = 5970

‘(A.B)C 3980
v

‘(A.B)Cw 3980

We shall first consider the two-phase : yquilibria between the
solid solutions (A,B) and (A.B)Cv. Since we assume that the intermediate
phases ACW and BC , are not stable in the binary systems, the phase ACV
then becomes stable. Accordingly, we have

AG

) 5970 x'y' + RT (x'In x' + y' In y') (27

AG

1t

3980 x'"'y"
1] 113
x AGACV+ y AGBC + ---——-—-L.1 — +

+RT [x”ln T’:? +y'ln 1__%] (28)

One can see from Figures 6 and 7 that the tie-line distribution between the

solid solutions (A, B) and (A B)Cv calculated using the method described here
agrees well with that calculated using the simplified method. This is te be
expected since the range of homogeneity with respect to component C in (A,B)Cv
is relatively narrow. The simplified method for calculating the two-phase
equilibria in ternary systems has been discussed extensively by Rudy( ”. It
suffices to say that the compositions of the two co-existing phases are where

the concentration free energy gradients are the same, i.e,

daG daG
=T T @ (29)




Figure 6. Phase Equilibria Between Phases p and yand y and C
in the System A~B-C at 2000°K Calculated Using the
General Method,

The concentration fres snergy gradient curves for the solid solutions (A, B),
(A, B)Cv and (A, B)CW are shown in Figure 8.

Next, we consider the two-phase equilibria between ti » solid
solutions (A, B) and (A.B)Cw. In this case, we assume that the phases ACV
and BC do not appear in the two respective binaries. Since the homogeneous
range for the phase BC_ is reiatively large and the free energies of AC

phase increase rapidly at concentrations of G-component higher and lower

12
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Figure 7. Phase Equilibria Be-ween Phases { and yand yand C
in the Systemn A-B-C at 2000*K Calculated Using the

Simplified Method.

0.5, the tie-line distribution calculated (Figure 9) used this simplified method
does not agree well with that calculated (Figure 10) using the general method
described here agrin as expected. Moreover, the A-B-rich phase boundary

of the salid solution (A’B)Cw calculated using the method described in this paper
shows a curvature as expected while that calculated using the simplified

method does not.

1: should be pointed out here since the soluhilities of A and B
in C are assumed to be negligible, the tie lines in the two~phase regions
(A,B)CV and C and (A, B)C,, and C {Figures 6,7,9, and 10) were not calculated

and must be pointed toward the pure ¢omponent,

13
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Figure 8. Concentration Free Energy Gradient Gurwves for

Solutions (A, B), (A,.B)Cv and (A.B)CW at 2900°K,
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Figure 9. Phase Equilibria Between p and 6§ and § and C in
the System A-B-C at 2000°K Calculated Using the
Simplified Method.

B. THREE-PHASE EQUILIBRIA IN THREE-COMPONENT
SYSTEM

In a similar manner as for the two-phase equilibria, the Gibhs
free energy of a three-phase alloy AxBycz as shown in Figure 11 is a linear
combination of the Gibbs free energies of formation of the three co-existing
phases Ax'By'Cz" Ax"By"cz“ and Ax,,,By,,,C

zlll'

15
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Figure 10, Phase Equilibria Between § and 6§ and § and C
in the System A-B-C at 2000°K Calculated Using
the General Method,

AG = v,AG, +v,AG, +v AG, (30)

with the following constraints:

11
—

vptv,tv (31) 1

"
—

x'+y'+ 2z (32)
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Homogeneous
Phase 2

Figure 11, Three-Phase Equilibrium in a Ternary System

x" +y"+ oz =1 (33)
X!yt -1 (34)
vix' v x4 vsx"’ = x (35)
vyt vyt 4 v}y"' =y (36)

We have twelve unknowns and six equations (31 through 36). Therefore, we
have six independent variables, It is no longer practical for us to use the
similar method as for the two-phase equilibria to find the combination of the
compositions of the three co-existing phases where AG according to equation

(30) is a minimum,

17
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Fortunately, we can reduce the six independent variables to
two by taking advantage of the fact that the boundaries of a three-phase
equilibrium are nothing but the limiting tie-lines of the three adjacent two-
phase equilibria. We shall first discuss the method of seeking the composi-

tions (X“'. Ynl.

z''') of the third co-existing phase when the compositions
{(x',y',z'and x", y', 2") of the other two co-existing phases are known. We will
then discuss how to find the compositions x',y', z' and x",y",z". Under such
conditions, instead of having the six constraints as expressed by equations
(31)through (36), we have only four boundary conditions: Equations (31), (34),

(35), anad (36) with six unknowns, i.e. VsV Vo x''"'",y"" and z''', Therefore,

3
we have ultimately two independent variables. We can choose any two variables
as we wish, but from a practical point of view, it is convenient to choose the

two variables z''' and y'''. Expressing v ,v,,v, and x'"' in terms of y''' and

z'''; we have
o Ay’ -y)(z'''- 2) - (2" z)(y'"'' - y)
v, - y -~ ¥ 5 y Y (37)
_ ( - l)(zlll_ zl) _(z - zl)( 'Il_ I)
v, * \y-y 5 Y y (38)
vy ¢ i- vy = v, (31a)
x"l: 1 _yill_ zlll (343)
where
D = (y"-yNz'''-2') -(z'=-2z'Wy'"" - y') (39)

To find the values of y''' and z''' we again have to use the condition that at
equilibrium AG according to equation (30) is a minimum. The method for
seeking the values of y''"' and z''' where AG is a minimum is similar to the

method used for solving the two-phase equilibria discussed earlier.

For the three-phase equilibria resulting from a miscibility gap
in one of the solid solutions, the compositions of the miscibility gap of this
solid solution are well-defined. In this case, we can solve for the composi-

tion of third co-existing phase using the method described here.

18
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Model Example 2.

We shall use the s2me data as in Model Example | to illustrate
the application of the method described here. When the temperature is lower
from 2000°K to 1250°K, a miscibility gap results from the solid solution (A, B).
The compositions of the miscibility gap at 1250°K are x' = 0.83, y' = 0,17
and x" = 0.17 and y" = 0.83, Again, as shown in Figures 1Z and 13, the phase
equilibria calculated using the simplified method agree well with those cal-
culated using the general method with the exceptior that homogenecus range of
the solid solution (A, B)Cv with respect to component C is na "ower The free
energy-councentration.g-adient curves used to determine the phase eyuitibria

at 1250°K as shown in Figure 12, are displaced in Figure 14.

Referring to Figure 15, the method for seeking the composition
of the three co-existing phases 3-v-§ will be discussed using the follewing

conditions:

at x ,y,,z,! AG (2¢ between B-8) < AG(2¢ detween 3-9
< AG(3¢ between p-v-5)
at X, Y, 2,0 AG (3 between B-&-v) < AG(2¢ between 3-6)

< AG(2¢ between 3-v)

atx,y, 2z, AG (2 between p=4) AG(2, between p-§)

AG(3, between p-4-06)

A A

In reality, we don't have any idea about the compositions of the three co-existing
phases except we know there is a three-phase equilibrium p---8 since the
correspording phase in the A-C binary is not stable. Thus, we can start, let's
sayr, with a composition x,y,, 2z, and ask ourselves what possible three-phase
field it is in. We know one of the phase boundaries of this three-phase equi-
librium p- -5 is the tie-line between 3-5 and furthermore, this tie-line must

lie at the left of the composition XYy 2y Thus, we can start with various
compositions at the left of the composition X,1¥,» 2, and first find the correspond-
ing compositions of the two co-existing phases 3 and 6. Knowing the various
values of x',y', 2' (B-phase) and x'',y",z"" {b-phase), one can calculate the

corresponding values of x''', y'"", z''' (y-phase) and the corresponding values
of AG (3¢ between 3-6-7). One then compares the lowest value among all the

AG values calculated with those of AG (2¢ between 3-5) and AG(2¢ between 3-7)

19




Figure 12. The Phase Equilibria Calculated Using the Simplified
Metiiod in the System A-B-C at 1251°K When the Two
Binary Phases AC | and BG  are Unstable.

using the method described earlier. The stable equilibrium is defined by

the lowest value of the Gibbs free energy. If AG (2¢ between P-6) is the
lowest, the three-phase equilibrium must lie at the right of the chosen values

of XYy 02 - 1f on the other hand, the value of AG (2¢ between f-v) is the lowest,
then the three-phase equilibrium must lie to the left of the chosen values of

Xy ¥ya2Zye If the value of AG (3¢ between B-v-6) is the lowest, thzn we have
found the three-phase equilibrium. A simple and rapid iteration process can

be prepared to solve the compositions of the three co-existing phases.
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Figure 13. The Phase Equilibria Calculated Using the General
Method in the System A-B-C at 1250°K When the Two
Intermediate Phases AC  and BC  are Unstable.
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Model Example 3:

Using the same data as in Model Example |1 and assuming all

=

the three phase BC ., AC _and BC  appear in the corresponding two
binaries A-C and B-C, we shall use the method described here to find the
three -phase field - & and the tie-lines in the three two-phase fields: 3-§,
f-vand v-6. The phase diagrams calculated at 2000°K using the general |
method as shown in Figure 16 agrees well with that calculated using the simpli-

fied method (Figure 17). The obvicus difference between the two calculated
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Figure 14,

The Concentration-Free-Energy-Gradient Curves

for Solutions (A,B) and (A.B)Cv at 1250°K.
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. Figure 15. A Typical Ternary Phase Diagram with a Three-Phase Field Resuit-
{ ing from the Absence of a Corresponding Intermediate Phage in the Binary A-C.
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Figure 16. Phase Equilibria Calcu'ated Using the General Method in the System
A-B-C at 2000°C when the three Phases ACW. BC‘_ amd BCW are Rable in the Binaries
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Figure 17. Phase Equilibria Calculated Using the Simplified
Method in the System A-B-C at 2000°K When the
Three Phases AC BCv and BC , are Stable in
the Binaries.

phase diagrams is the (A-B) rich homogeneous range of the solid solution
(A-B)Cw with respect to C-component. The homogeneous range calculated
using the general method shows the curvature while that calculated using the
simplified mesthod does not,

Although the technique of fixing the compositions of the co-
existing rhases for a three-phase equilibrium using the simplified method
has been discussed extensively previously, 1t is worthwhile to point out that
in addition to the condition at equilibrium, the free-energy-concentration
gradients, i.e.
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must all be necessarily equal, we need the additional stability condition in

order to fix the compositions of the three phases. Expressing in thermo-
dynamic terms, the stability condition simply says that at equilibrium the
integral Gibbs free energy of decomposing an alloy (A, B)Cv iato two other alloys
(A.B)Cu and (A,B)(‘,w m:st he zero. For the mod:l example de: cribed here,
the totxl Gibbs free energy of decompcsition of the alloy (A, B)Cg ;38 to the

alloys (A, B)Cj 4 and (A, B) arncording to the following reaction is shown in

Figure 18,

(A'B)CO.ZB <sg> 0.244 (AﬁB)CU.%l <ss>+0'755(A'B)<ss>

III. APPLICATION OF THE METHOD DEVELOFED TO THE SYSTEM
Ta-Hf-C

As already discussed earlier, in order to precalculate the phase equi-
libria in a ternary system, it is necessary %o know the free :nergies of the
binary phases as a function of composition and the solution behaviors of the
ternary phases. In the birary system Hf-C, one intermediate phase, hafnium
monacarbide HfC (Bl-type), forms with a wide range of hoxnogeneity(4). The
a-Hf terminal phase is stabilized by the addition of carbon atoms to higher tem-
peratures. However, since little is known abuut the free energy of this phase
as a function of cornposition, we shall at the present ignore the stabilization of
the a-phase to high tenneratures and assume that meta) and carbon components

at the metal-rich boundaries of the monocarbide phase are in equilibrium with

those in the 3-Ff terminal phase at high temperatures.

In addition to the mznocarbide phase (Bl-type), a second intcrmediate
thase, Ta C forms in the system tantalum-carbor. Tantalum subcarbide, TaC,
is polymorphic. The low-temperature form, a-TazC-; has a hexagonal close-
vacked arrangemunt oi the metal atoms. The distribution of the carbon atoms

among the interstitial sites is not known but undoubtedly deperdent on temperature.
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The high-termnperature form ﬁ-TaZC, probably has tne same arrangement of
metal atoms(s) but differs in the depree of disorder in the carbon sublattice
from the a-modification. Again, for the lack of pertinent thermodynamic

data with respect to the two modifications of Ta.zC. we shall assume u-Ta.ZC

and Q—TazC to be of one phase for the calculatior. at the present,

Tuae Gibbs free energies of the monocarhide and subcarbide phases
will be represented by a sum of two contributions: the thermal and the con-
figurational contributions to the total free energies of these phases, i.e.

aG = a4 ags™ {39)

Since the free energies of formation“’) for both of the two monocarbide phases
at the stoichiometric composition have been determined, we shall represent
the free energies of formation due to thermal vibration for compositions less

than Xc = 0.5 by,

AG™ (B phase) = 2 (1-2) AG, + (1-22)(a + bz + C2) (40)

where AGf is the Gibbs free energy of formation of the stoichiometric mono-
carbide phase in cal ‘gatom alloy, z is the atom fraction of the carbon com-
ponent, and a, b and ¢ are parameters needed to be determined. When b and ¢

are set equal to zero, we have the Wagner -Schott.ky(b' 78, 9)

vacancy model with
'a' being the Gibbs free energy of forming a carbon vacancy on the carbon sub-

lattice. For the free energy contribution due to configurational mixing of carbon
atoms among the varicus lattice sites, we assume ideal entropy of mixing which

is reasonable at high temperatures. Accordingly, we have

ageenf. RT[zln e +(l-2) In l'zz] (41)

1-2z 1-z

For the subcarbide phase, the thermal contribution to the total free

energy will be represented by a 3rd degree polynominal, i.e,

AGth =a'+b'z + c'z.z + d'z3 {40b)
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For the configuracional free energy, we shall use the model developed by
Rudy“o). In this model, one assumes that the two interstitial sites occupied
by the carbon atoms are energetically different by an amount of AE, Express-

ing in terms of two gram atoms of metal (Mesz). the configurational free

(19)

energy as derived earlier is
agse -, AE+[z Inz. +(l-z.)In (1-z )
MeC B A A A A

+agln 25 + (-zg) In (1-zp)] RT  (42)

where AE is the energy difference between the two interstitial sites in the
cal/Z-gram atom metal, z, is the mole fraction of carbon atoms on the A-sites,
(l-zA) is the mole fraction of vacant A-sites, zp is the mole fraction of the
carbon atoms on the energetically unfavorable B-sites and (l-zB) i s the mole

fraction of the vacant B-sites. It is understood that

Z, t Zy =W (43)

However, sirce it is more convenient to discuss the free energies of solid solu-
tions in terms of one gram atom alloy, we shall divide equation (42) by (2 + w)
and change the variable frcm w to z (the atom fraction of carbon atoms in the

solution). Accordingly, we have

conf.
Mel - C

zZ 2

lez
AG -—2-- [zBAE +[zA1nzA+ (l-zA) In (l-z.A) +

+zg Inzy + (l-z5) In (l-zB)] RT] (44)

Using the well-known thermodynamic relationships relating the partial molar

and integra! quantities, we have,




—= conf daG
; AG e *~ AC-z g
z_AE
. B . RT _ - !
= 5 b [zAlnzA-!-(l zA)ln(l zA)-#

| + zBln zg + (l-zB) ln (l-zB)]

z Za zB
- E[AES +RTI‘1DI— +RTslin IT]

A B
£ da
aAGL™M = AG + (1-2) de (45)
l. z, zg
= AES+rR.T1nI-_z—A- +SRT11’11-:-Z-~B— (46)
‘} where
a-z, ) (1 + )l
i r = (47)
3 (l-z,) (1o 24 AE/RT
: (L-zg)* (1 + 3)°
s (48)
‘ (1-z ) (lvu) +PAE/RT
AE
|l 2, RT
u = r——ZA e (49)
i i
AE
z RT
! i v = B . .
= (50)
B
i 12
' [1-3 ’ﬁ_? 1+zy) . [y1-3 1 = 25
_{1-3z +zy| , -z,_RT+z "RT 1. "RT ...
i ! e s (e 22 2R T f1e }](m
I 2 (1-¢AE RT,
l e
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Lo T Tz T *p (52)

If we set AE = 0, z, = z_ since there is no difference between the carbon

A B
atoms on the A-sites and B-sites. From equation (52) one uvbtains,

z, * oz, o (53)

Substituting for Za and Zn according to equation (53), equation (44) reduced

to equation (41).

Before we can proceed any further, we must know the values of a, b, c,
(equation 40a) and of a',b', c' {equation 40b) for the monocarbide and subcarbide
phases in additior to the values of AE for the two subcarbide phases, These

parameters were determined by using the following conditions,

a. Values of AG, for TaC and HIC are those selected by

Chang(b) .

b. The free.energy decomposition of TaGys to 0,633
TaGoge + 0.367 Ta is taken to be 2300 cal at 2273°K\®).

c. The free energy difference between HfC;5 and TaCg,
is taken to be 2250 cal at 2273°K(°),

d. The phase boundaries of the subcarbide and monocarbide

phases are those determined by Rudy(4) and Rudy and Harmon(s).

e. The partial molar quantities in the two-phase regions:
netal-subcarbide, subcarbide-monocarbide and monocarbide-graphite must

be all the same.

With these five conditions, we have obtained the following results for

our computation:
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HfC -phase (Bl -tvpe)

-52,350+ 2,08 T 298.15*-2073*K
< -55,630+ 3,66 T 2073°-2491°*K

f.0.5

a - 250,154; b - -968,150; ¢ =1,113,170
Hf C-phase
a' = 72, 445; b' = -466,000; c' = 650,000; d' =0; AE=0
TaC -phase (Bl -type)

AG = =35,335-1.794%9 log T + 6.4757 T

f:o.‘i
a=363,950; b=1,527,083; ¢ =1,770,833

TaZC -phase

a'= 129,848; b'=1,336,117; c' = -4,7.6,667; d'=5,373,333

AE = 4000 cal.

The phase equilibria in the system Ta-Hf-C at 2273°*K and 1273°K are
calculated and presented in Figures 19 and 20. The phase diagrams calculated
using the simplified method are shown in Figures 21 and 22 for comparison. As
might be expected, the marked difference between the calculated phase diagrams
by the two different methods is the homogeneous range of the monocarbide phase,
The concentration-free-energy-gradiert curves for the metal, subcarbide and
monocarbide phases as well as the integral free en2rgy of decomposition of the

* subcarbide phase into the metal and monocarbide phases at 2273°K used to
establish the phase equilibria are presented in Figures 23 and 24. Similar
curves used to determine the phase equilibria at 1773*K are not included in

this report.
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Figure 19. Calculated Phase Equilibria in the System Ta-Hf-C
Using the General Method at 2273°K,
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Figure 20, Calculated Phase Equilibria in the System Ta-Hf-C
Using the General Method at 1773°K.
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Figure 21, Calculated Phase Equilibria in the System Ta-Hf-C
Using the Simplified Method at 2273°K.
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- Figure 22. Calculated Phase Equilibria in the System Ta-Hf-C

Using the Simplified Method at 1773°K.

-

35

(e




e

aneiiilipr . -

4.0 T T T T Y T T T Y
i I. Subcarbide Solid Solution ]
- -
o 2. Metal Solid Soiution N
3.0 -
" 3. Monocarbide Solid Solution -
| 4
- T . 22713k N
2.0
1.0
0
QO
<4
o0 -1.0
-2.0
-3.0
-4.0

: foc‘ HIC,

Figure 23. Concentration Free-Energy-Gradient Curves for the
Metal, Subcarbide and Monocarbide Solid Solutions,
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Iv. DISCUSSION

The method described in this report has demonstrated that the phase
equilibria in three-component systems ca - be adequately predicted from
binary data based on the first principle provided that the Gibbs {ree energies
of formation of all the binary phases are accurately known as a function of
compoosition and temperature. Moreover, one must also know the solution

(21 3)’ tha-t

behaviors of the ternary alloys. It has be:n demonstrated previously
for the interstitial type of solid solution such as the transition metal carbides,
the regular solution theory with proper values of the interaction parameters,

is adequate in most cases.

The general method also demounstrates that the simplified method
originally developed by Rudy for predicting phase equilibria in three-component
systems is sufficiently accurate. In cases where the homogeneous ranges of
tie ternary solid solutions with respect to the interstitial component such as
carbon are small, the simplified method would predict the identical results
as the general niethod. Only. when the noniogeneous ranges of a ternary solid
solution with respec: to the interstitial element chanye drastically with the metal
exchange, wil) there be a difference between the phass diagrams calculated
using the two differant methods. In practice, the phase equilibria in a ternary
systemn predicted by the simplified method are sufficiercly accuratz in most

cases.

-
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APPENDIX I

COMPUTER PROGRAMS FOR TERNARY PHASE
DIAGRAM CALCULATIONS (Ray Marler)
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$IB8FTC K] FULIST
DIMENSTION XI[50)+Y(S01sA3(3)A4(3),TITLE(13)
NAMFLIST/!NPUT/NOXYS.IPRINT'CASE-DUMP.XLIMoR.ToEPSPvEPSPP¢A3oAA'
17 Y oK1,K2
NAMELIST/DTADMP/LINEsKs s XPsYP o XPP 3y YPP 3 ZPP DG DG3sDGGsGNUL+GNU2
IFXPoFYP DGl sCY1sC29FCL1aFC2+DG2
1 FORMAT(1H139XS3HA E R O 1 E T - G E N E R & CCRPORATII
10 N/IHO39X53HC OM P U T I NS SCI ENCES Dl vIiISI1ION
2/1HO50X31HS A C R AMENTO P L ANT/ZIHO5TX1THP R O G R A M
3 K/1HMO2TX7TTHT w O - P H A S E EQu il LI BRI UM I N T
4 RNARY S Y S T EM/AIGHOC U S T O M E R QIXI9HP R O G R A M
§ E R/12HOYs As CHANGIO9X11HR.He MARLER//)
READIB«Y7ITITLE
2 READ (5:INPUT)
WRITE(64s1)
WRITE(6+18)TITLF
WRITE(S+INPUT
LIM = XLIM + L,005
NDUMP 1= DUMP
NOUMP2 = INT(DUMP®XLIM+,005) = NCUMPl#*#LIM
RT = R#T
WRITE(G6+1)
WRITE(G6+18)TITLF
DO 14 ! = 1» NOXYS
WRITE(6+16)IX(TY,Y(T)

n

£
M

PASS = 1.

L =1

LINF = 1

LIMX = XLIM * X(I) + ,005

BLIMX = LIMX

JMAX = LIM ~ L IMX

DO 12 K = K1sK?

CAY = K

XPP = CAY/XLIM

DC 12 J = 19 JMAX

XJ = J

XP = {(BLIMX + XJ)/XLIM

2PP = (XP ~ XPPI®¥{1la—X(I)=Y(1))/(XP - X(I))
IF(ZPPeGEelesOReZPP el EelaesORXP.FQeXPP.OReXPJEQeX(111G0 TO 12
DG3 = ((A3{3)*#ZPP+A3(2)1%#ZPP+A3( 1)) /(1.~ZPP)
DG4 = ({A4{3)%2PP+A4I(2)1)1%ZPP+ALI1)}/11.~2ZPP)

GNU1 = (X{I)}=XPP)/{(XP~XPP)

GNU2 = (XP=-X(1))/(XP=XPP)

IF(GNUleLT e0eeOReGNULeGTalesORaGNUZsLTeDeeaOReGNUZeGTo1a1GC TO 12
YP = 1e=XP

YPP = 14 =-XPP - ZPP

CALL XLNX{XPysFXP,%12)

CALL XLNXI{YPsFYP,%12)

DGl = (FXP4FYP)®RT+XPRYPREPSP

Cl = XPP/(1,=2PP)

C2 = YPP/{1.=-2PP)

CALL XLNX{ClsFCl4+%12)

CALL XLNX(C2sFC24+%12)
DG2=((FC1+FC2)*RT+C1*C2*EPSPP+(1#DG3+(2#D04 1 #(]1.-ZPP)
DG =GNU1#DG1+GNU2%DG2Z

IFIDG.GFE«0¢1G0 TO 12

[F(PASS.NE«1e)1GO TO &

PASS = Q.

GO TO 6
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5 IF (NG = DGOLNIGIEHE
& DGOLD = DG
XPS = XP
¥YPsS « YP
XPPS= XPP
YPPSz YPP
1PpPss 2PP
LSAVE = LINE
8 IFINDUMPloNE«KORJNDUMP2NELJ)IGO TO 9
WRITE (6.UTADMP)
GO T0 11
9 IF(IPRINT.FQeOIWRITEIG210)LINE»YPsYPXPP,YPP,ZPP DG
10 FORMAT(1H 15X14+6E16.8)
11 LINF = LINE + 1
12 CCNTINUE
WRITE(O+10ILSAVFE s XPSsYPS +XPPSsYPPSHZIPPSDGOLD
14 CONTINUE
CASE = CASE - 1,
IFACASELGT.0.)G0 TO 2
1% STCOP
16 FORMAT({1HO19X 4HX = E15%8s10XetHY = £15.8/1H 15X4HLINETXZHXPl6X
12HYPLI3X3HXPPL13IX3IHYPP13X3HZPP12XSHDEL G)
17 FORMAT(13A6)
18 FORMATI1HO2TX13A6)
END
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$IRFTC ¥-1-2 FuL ey
DIMENSION XIS0) 4 Y (SO oTITLELI31sVAIS)IyVBIS)sRA(S)4RA(5)
NAMEL IST/INPUT /NOXYSs IPRINTsCASE JDUMP s XLIMIR T sEPSPLEPSPPsVALVEB
1 XY 1gK2aD24D6LsRAWRBWDEACVyDEBCVDLAZULDGRLY
NAMELIST/OTADMP /K 4 JsXP o YP s XPP s YPP 4 ZPP+DGsDGACV +DOBCV I GNUL o GNU 2 »
1FXP«FYP DGl eClsL2sFC1esFC24052
] FORMAT(1IH139XS3MHA £ R O JET - C ENERAL C R PORATI
~

1C N/ZIHD39X53HC OMP UT I NG SC1ENCE S D1l vis1on
2/1H050X31HS A C R AMENTOC P L ANT//IHOSTXITHP R 0 0 R A »
2 KSIHO2TXTIHY w O - D H A £ E EQu il L larm|]uwm I N T E
4 RN ARY S Y ST 7 M/I6HNC U S T O ME R SIXIGHP R O G R A M w
8 £ R/12HNY, Ae CHANGICSX1iHR.Ha. MARLER//)

REAN{S+ITITITLF
2 RFAN (S 4INPUT)
WRITE(6+1)
WRITE(6,1B)TITLFE
WRITE(G6INPUT )
LIM = XLIM + J0ONE
NDOUMD] = DUWMP
NDUMP2 = INT{(DOUMPEXLI%“+4005) - NDUMPl=LIM
FLAG = NDUMP1
RY = R#*T7T
WRITE(H41)
WRITE(H.18)TITLF
NC14 T = 1. ROXYS
WRITE(B216)X LYY i])
pace le
L Iwx XLIM & X({I) + L0005
BLIWX = tIwuX
JMAX = LM - LiIMX
2D 12 K = Kle2
caAY = X
XPP = CAY/XLIMW
DO 12 J = ls JMAX
XJ = J
XP = (RIMX + XJYy/XLIM
IFIXPLENGXPP OB XPLEQaX(1)ID 70 172
ZPP = (XD o~ XPP)#¥(}=X{I)=Y({I}1/71XP « Xt(!}}
JFUZPD N, oB5VZPE = 4489
IF(72PP oCT «DaOF ZPPLTD3150 TO 12
CALL DLGC(DGACY +R 4T oZPPsVAJRAWDEAIVWFLAGSS12)
CALL DLGCIDGRCVRsT9ZPPsVRRB«DERCY o L AG$12)
GNUY = (X(])=XPP)/{XP=XPP)
GNU2 = (XP=-X(I))y/{»P=-xFP
JFIOGNULl eL T e0eeORGCNUIIACT L1 6o ORaINUZ el TeCoaDTeCNUZe Ta161GD 72 12
YD = ] 4=XP
YPPp = 1, «XPP . 7FI
CALL XLMXIXPEXP,%1 20
CALL XLMX{YPRGFYP €13

"non

NG =~ (FXP+FYD 1 %R T+ YPeYDer PP+ GAC IS YN NG 14YP

C1 = XPP/{1,=-70D)

T2 = YOP/({]1,.,~-700)

TALL XULNX(ClsFCle®12:

CALL XINXITZ»FT2 el

NE2={("71FCDY#RT + " 1* " #p020R 4 Z#NGRCY + J1®#0GATVIE(1o~JP 70
s =gNU L e DA

[EmDBaGT 47 Y 77 10

IF(DACG NF 140 77 ¢
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GO 10 6
S IF (DG = DEOL"16+Re8
6 DGOLD = NG
XPS s XP
YPS = YP
XPP&= XPP
YPPSs YPP
2PPS= 72PP
8 IF(NDUMP]l JNE«XsCReNDUMP2 . NELJIGD TO &
WRITE (64D TADMDY
FLAG = N
GO TO 1?2
G IF(IPRINT . SO IWRITE (He1NY XD,y PG XPR L YRE 2D, 0
10 FORMAT [ 1H Y9X8F1A.B4F16et)
12 CONTINUF
WRITE(64,10) XPSeYPSXPP Gy YRR 4 IDPS 4 NGOLY
14 CONTINUF
CASE = CASE - 1la
IF(CASF4CTL0.)G0 1D 2
15 STOP
16 FORMAT (1HD23X4HX = Fl0eB8+5X24HY = F1l04871H 26X2HXP4LX
12HYPI3X3IHXPPIZIXIHYPPIIXIHZPPIZXOHDEL G)
17 FORMAT (113A6)
18 FORMATULIHO?2TX1346)
END
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Cl1AFTIc va? FIULIST

DIMENSION X{50)2Y{501 +Z(50) o TITLEC1314TDG3(3)+CDGHI3)0CD0GS5(3)
1rNGRE{Y

NRAMEL IST/INPUT/ Ae3sC DR ToDELTAVEPSPEPSPPY (DG 4CDGG
1rDGS s DGEe XY o2
1 FORMAT IHIJ39X52HA E R O JE T = G ENERAL CORPORAT]
IO N/ZIHO9XS3HC O ¥ P U T I NGO SC1LENCES Ol visitoOoON
2/1H030X21HS A C R A M ENTO P L ANT//IHOSTXI7THP R O G R A M

2 K/1HNIBX9IHG € N F D A TwWO-9°4H4AS5E EQU T LI 3R
4 UM I N TERNARY SYSTEMIGHOC U S TCMER 97X
519HP R G G R A M M F R/IZHOY A. CHANGIO9X11HR:H, MARLER//)

READ{S+2)TITLEID
2 FORMAT(1AAs17)
? RFAN (S ,INPUT)

WRITE (641)

WRITE(6sG)YTITLELID
4 FORMAT(1HO26X13A64925X12)

WRITE (6+INPUT)

WRITE(641)

WRITE(6516)TITLE
16 FORMAT(1H4026X13A67/ TXIHXIZ2XIHY12X1HZIIX2HXPI1IXZHYP11X2HZP11X3HXPP

111X3HYPPI1X3HZPP OXTHDELTA G/

RT = R»7T

NO 14 1 = 1480

IFIX(])aFGeNe s ANDoY 1)1 eFQeOaeAND L Z () 4ECaN G0 TO 15

[2ass = }
17 IF(ALEQ.X(IYYa = X{I)+DELTA/1D,
XPP = A
[F(XPP = X(I)) 6137
& XF = X{1Y 4 DELTA

XPOMAX = 1.

cO TC 8
7T XP = N,

XPMAX = X(1)
R ZP = ©
12 VP = l]e=-XP-20

16 (XD Fr ey v 11

GNUT =X (1)=-XPP) /(XP-XPD)

IF{ON" 1 aGF aleel e ™NUT&LTWD420 T2 11

GNU2 = le-GNU1

¥YOP =(Y(I}-GN'I1*YP)/GNU2

20pP =1 ,-XPE-YPP

IF{ZPPe5FEel1ee0RLZPPLLTHa0.1GO TO 11

CALL TUBICU((DG3+25PyD3G%s%11)

CALL CLUTCHUING442023DG44%11)

Ul = XPP/(1.-2PP)

1!2 = ¥YPD/{1,-2PP)

CALL XLAX{UI9FUle%110

TALL XUNXUU29FUI2+%110

POI=((FUI+FUPIART Y # 0 80P2P0 42 2D54 + UIRTH2 1] ,-7Z2PP)

TALL CURICHITNSS,2PH0G%»%11)

CALL CUBICHIINGEZZ2D ™ 56e%11)
11= XP/(14-2F)
= YP/(1le=2P)
L. XLNX{31aFUTe811)
VALY O XUNX(U2eF w1 )
NG ({FYL+E U2 #RT & 1 RGTREPST L0 RNNA w1 ET TR (], -20)

~s OGN

o

BRE Sat SRR Wl I It e) ]
1 TLace F Ay s T G




18

[
we P D

13

14
15

1PpaAcE = A

nes = DG
1F{NGGELDGSICO 1D 9
nGs = DO

xps = XP

YPS = YR

XPPs =XoP

yppe=YPD

PSS = 2e

lpDc=: 70RO

XF(XD.NF.G!W“ITflbll")!(l)qY(I)oZlI!oXPuYP-ZD-XDDoYUP;ZPDvFG

FORMAT(IH GF1,84F13.4)
20 = 2P o NFLYTa
1F{ZPLELNIGN T 12

Xe = XP + DFLTA
IFIXP.LT.XPVQX)“O 0 8
xPD = XPP + DELTA
[F(XPOLELRIGO T2 5

hqiTE(6l10)X(!)0Y(I)QZ(I)'XPSQYP

CONTINUE
¢o 10 2
END
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SIRFTC X=2-A FULTIST
DIMENSION X{S50)1+Y {5012 /501 sTITLEC13):VAZVIS)aVBCVIB) e VACUI(S),
1 VBCULS Y +yRACVIS) +RACUIS Y+ RBCVIS I RBCUI(S )
NAMEL IST/ZINPUT/ AsBaC oD ErF sReTHDELTALERPSP 4EPSPRINEACV +DERCYV,Y
1DEACUIDERBCUSVACV o ¥BCV s VACUSVEBCL .ACVIRBRCVIRLCUIRBIUSRIY 2
1 FORMAT{IH139XS3HA E R O JUE T - G ENER & ( CCRPORATI]

10 N/IMO3IOXS3RE O M P U T 1T N D S 1t NJE S D1V 1 53 i SN
2/L1H050X31H; A C R AME N T O P L ANT//190%7X17TRP RO G R A M
3 I/1HCI9X93HG E N E R A L T wC =P n & S E EQ2ul Ll xR
4 UM I N T ERNARY S Y S T E M7isnnC U S TOCM™ER 97
519HP R D G R A M M F R/12HOY. A, CHANDIQOPX]1HR, MARLER/ /)
READIS3ITITLFHID

3 FORMAT (1346417
2 REAN (S,INPUT)
WRITF (&+1)
WRITE(E,LYTITLE,,ID
4 FORMAT (1HD26X1346425X12)
WRITE (6.INPUT)
WRITE(S,41))
WRITE(6216)TITLE
16 FORMAT(1IHO26X13A6/7/7 TXIHX12X1IkY12X1IHZTIIXZ2HXPI1IX2HYPLLIX2RZP11X3HXPP
111 X3IHYPPIIX3IHZPO 9XTHDELTA 5/
FLAG =1D/1n
RYT = Q%7
S0 16 1 = 1450

IF XL ) o Qala s AND Y I T 10 QN o ANNLZ(])oFQeN IGO TC 15
IpaASs = 1
Xpp = A

S0 17 1XPP=1+10N0
IF(XPP=X{111hs12s7
& XP = X{I} + DELTA
XPMAX = F
GC TC 8
7 XP = E
xXpmax = Xt1)
8 DT 1t IXP=1,120"
ZP=cr
N 22 172P=141000
YP=],-%XP-20D
IF(XP.EQ.XPPIGH TO 11
rNUl '(X(Y)-prif(XV—XDD)
IF( I-JE lncOR GNUI.LT OQ’GC TF‘ 11
GNUZ = 1.=0GNU!
YPP =(Y(I)=OGNU1®YP) /CNU2
ZPP =] ¢-XPP-YDPD
IF(ZPPeGEeal asORLZPP.LT40.)G0 TC 11
CALL DLGCIDGACV s ReTsZPPsVACVIRACY+DEALVFLAGE11)
CALL DLGCIDGRCV R T sZPPsVACVsRBCVIDEBCVFLACD11)
Ul = XPP/I1,,=-2PP)
U2 = YPP/(1.-2PP)
CALL XLNX{UlsFULl»S11)
CALL XLNXIUZ2+FuU2+%11)
DG2={(FUl+FLUZ2)#R T+l %2 ¥EPSPT+ 2 +D03CV+UL*DCACYI® (] 4 ~2P)
CALL CLOCIDGAC U sR e T o ZP s VAL W RAZUSDEACU o FLAGSI 1Y
TALL DLGTIDGRCUSC o T ZP s vAI W RRCU DERC: jWF 27s%1 1)
X2 /11 e=2F)
VS L e=20)
o XEMXTiITeF1Y a1
ALL XYUHRX(L2sF 224311

oM

1
e
A

:’\
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iy

05 s{(FUl+FU I SRT+UIRUSEPRP+IZ#DGACU+I1#TGAT YR ] (=27
& NG 8 CNULeRGl + ONU2 & G2
‘ [FUIPASS (FGNIGD T 49
1PASS & D
nGS ¢ NS
19 IF‘DGoGi e OGS OO YO 5
DS =2 DG
XFS = XF
YeES = YR
ARPPS = APP
yhpeeyPe
2P = p a2
2ppe= 20D
G IF{IDanEaDIwRITE (el IY (1) ay 1 1al T i T W2 T 4XBP¥YOF 70,00
10 FORVAT (1M QF 13,7 eF1%ex)
11 26 = 2P + NDELTA
1r12PanTa 21 C0 TH 12
22 CONTINUE
WRITELSH2W)
21 FORMAT( 25="T=€ !0 (707 -4¢ IXTECTET)
6e TY 5
12 xP sxP+DELTA
TF(XPLGF o X2vaxy o 7 |3
18 CONTINUF
WRITE (620

77 FORMAT{26mATHT XU {2020 o7 TxIFEnrr
Il FoR

15 XEP = XPP + D{LTA
TF(XPELGT. Y00 1T
17 CONTINUE
WRITEL6.21)
21 FLUMATI{26RDTHE XPE LOIY WAS ZXIZLENED)
5 vh'R;TE(6$IC)J'\(i)s'.’(l)le;)'K')"Vp’J:—‘"\
1o CONTINUE
1€ GC 12 2
FND

5

sl
-
~<
v
e
n
.
il
1‘
v
o
-
T3
('\
-
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Ty

~_

1

~d

Te r =1 Foplar

DNIMEMSTION TITLE(13)

T OMMON CDGACV(B)'CDGHCV(?)oCDGACW(B)oCDGBCWf3)
NAVFL!ST/INPUT/WI.FZ.D[LTA.X'Y.Z;XP.YP.ZP.XPP.YPP'ZPPoR.ToM.
IQDGACV.CPGHCV'CDGACW'COGBCW»EPQP'EPSPP.EPSDPD
PUSMAT LIHI39XS A £ R O UE T -G ENER AL CORPORATII
CONZIHO2ZGXBAMC UM P U T I NG S CIlI1ENCESS DI vI1s
S/LIHTOHOX3IME A C R A M ENT 0 P L ANT//IHOSTXITHP K O G RAM
3 K/ZIHOILX93MG £ N O -PHASE EQU Il LI BRI
W UM I N T ER S TE M/J6HOC U S T OME R 97x
S519HP R O G R A M ANG109X11HReHe MARLER/ /)
READ(SsYTITLELID

FORMAT (1346412

WEAD (54 INPUIT)

WRITE (Aal)

WRITE(H4)TITLESID
FORMATIIHO?26X13A6425X12)

WRITE (&6INPUT)

WRITE(6 1)

WRITE(6+H)TITLE

RT=R*T

CALL DGACVSI(DGACVZPP 4211)

CALL DGRCVSI(DGRIVIZPP 431 1)
U1=XP/(l1e=2P)

N2=YP /(1 4=7P)

CALL XUNX(IJYsFtJ19%11)

CALL XULNX{U2sFLI24%11)

nal o= (FUT+FU2)*RT + EPSP#UL1#*2
11=XPP/(1e~2PP}

U2=YPP/(].~2PP)

CALL XUNX(UIFUT#311)

CALL XLNX(U2sFUZ 31

D62 = (CFUL+FU2 3 #RT +LPSPP*UL*UI2 + DGBCV*U2 + DGACVRUL)*(14-2PP)
[PASS=]

nYye = YfP-v

nYPp=yYPP-Y

nZP = 79-7

nIDO=7PDL7

ARFA? =NYPRPEDN7D - NVPaN7IpPp

2PpPo= 7]

YPRPD=0N,

YORPPMX =] ,-2PPD

nZoop=20pp.y

YPepP=YPPP-Y

A<EAL =DYPRPXIZPPP-DYPPP*DZP

AREA? =DYPPDR[70P - DYPPXDZPPP

[ (et iCT e lARLA ]l LT o000 e ANDeAREAZ2eL Te0eoAMNCeAREA3 4L Te0eeORJAREAL2GT,
CeodNZ o« READeGTe0es ANDCAREAZISGTL06) IGO0 TO 11
XUPD=] 4=YPPD-70CD

CALL NOATWSITOACWZFPPL%11)

CALL DGRCWSINGNRTWZIPPP L2111
HIZXPPP /(] e=/0PD)

D =YERRP /(] e =LRRE)

CALL XLNX(tUlesFUT %11

TALL XLNXLUZ2FU? 311

N2 {FUL+FUZ ) *RTHERPLPPP*yLI*y2 + DOHOWHU2 + DGACWHYUL)*(]1,.~2PPP)

o

N

2 3

L AL T W
N R vy Sy 7
E 12H0Y. A. CH

/

-
<

—

D= (YPE - YP)X(ZPPP= ZP) - (ZPP - ZP) ¥ (YPPP- YP)
i}‘[).&()‘n.)()o TC 11
GULT = (((PP=Y )% (ZPPR=2, = (2PF=71%(YPPP-Y)) /D
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10
11

1E(GNULeLE«O»sOReGNU1oGT4141GO _TO 11
GNU2 = ([Y=YP)#[2PPP~ZP) = (Z=2P)#{YPPP=YP))}/D

IF(GNUZ.LE.O..OR.GNUZ.GT.I.)GO T0 11
GNU3 =1.-GNU1=GNU2

DG = GNUl# DGl + GNU2 *DG2 + GNU3=*DG)
IE{IPASS.EQ.0)GO TO 9

IPASS = 0

DGS = DG

1F(DG«G=DGSIGO TO 10

DGS = DG

XPPPS = XPPP

YPPPS = YPPP

10PpS = ZPPPR
IF(lD.NEoO)NRITE(6'14)XQY|Z9XPoYPoZP.XPP’YPPQZPPQXPPPnYPPPQZPPPuDG
YPPP = YPPP + DELTA
1F(YPPPLLE.YPPPUX)IGO TO 8

ZPPP = ZPPP + DELTA

1E(2PPP.LE.B2) GO TO 7
WRITE(6314) XY s29XP oYP 2P s XPP JYPP J2PP
1XPPPS,YPPPS2PPPSDGS

M=aM-=]

IF(MeLT.0)GO TO 2

IF(DGS<GE+D21GO TO 12

Al =AMAX1{R1+DGS~DELTA}

B2 =AMIN1(B2+DGS+DELTA)

12 DELTA = DELTA/10.

Go 10 13

14 FORMAT(1H 12F10.7»F10.3)
5 FORMATU1HO26X

1 13A6//7130H X Y F4 xp Y
1P 2P XPP YPP pe XPPP ) fd

2 1PPP DELTA G/)

END
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Coa

e

SISFTC K-3-4A FULIST
DIMENSION TITLE(13)4PACVIS)+RBCV(S5) sRACWIS)+RBCWIS) s VACVID)
1 VBCVIS5) s VACWIS ) »VBCW(E)
NAMELIST/INPUT/BLsB2+DELTA»XsY 2 +XPsYP s ZP s XPP s YPP 3 ZPP sR s ToMERSP,
1 EPSPP sEPSPPPyDEACVsDERCV « DEACW SDEBCW VALV s VBCV o VACW s VBC Y » 3
2 RACVSRBCVRACW sRACKW + DGACU + DGRCU -
1 FORMAT(1H139X%X53HA E R O J S T -~ GENERAL CORFORAT!I!
10 N/1HO39XS3IHC O M P U T I NG SCIENCES DIVISION
2/1HCS50X3IHS A CRAMENTOD O LANT//IHOSTXITHP R O G R A M
i 5 K/1HO19X93HG E N E R -PHASE EQU I LIBRI
;LJ e UM I N TERNA T E M/16HOC U S T OME R 97X
S19HP R O G R A MM ER HANG109X11HReHe MARLER//)

N |

[

AL TWO
RY SvYS
/12HDYe Ae C
. READ(5+3)TITLE» 1D

{} 3 FORMAT (1286412)

2 RFAD (55 INPUT)

. WRITE (631)

) WRITE (6943 TITLE, 1N

¢ 4 FNRUAT{IHN26X1246425412)

. NRITE (651NPUT)
= WRITF (61}
WRITE(645)TITLE
FLAG = 10/10
RT=0xT
CALL DLGC{DGACVsRsT »ZPPsVACYsRACYsDEACV sFLAGS11)
CALL DLGCIDGBCVsRsT »ZPPsVBCVsRBCY s DEACY +FLAGsS11)
U1=XP/(1e-2P)
H2=YP/(1e=2P)
CALL XLMX{'1sFUJ1,%11)
TALL XLNX{'2eFUJ2,%11)
AG1 = [EU1+FU2)*RT + EPEDX1%L1240GACUSXD+RGACURYP
111=XDPP/{1,-7PD)
U2=YPR/(1e.=-20D)

[ qnmvn

o W BE BB O

CALL XLNXIU1sFUJ19%11) T
CALL XLNX[Y2sF0L2,%11) §
DG2 = ((FUL+TU2 ) %#T +EPSPP*ULI#Y2 + DLACVHYZ + DGACVHULI*(]1.-ZPP) %

13 [PasSS=1 B
DYP = YP-Y i
nYop=YpPP-Y Z
pZp = Zp-2 i
NZPP=2PP=-7 :
AREA? =DYPO®DZD - DYP*DZPO
ZPPD= N

k 7 YPPP = 0,

Y2PP¥X=]4,-2PPD
&ZPPP=ZPPD-7

AREA3 =DYPPP&DZ20p - CyDrsp203po H
IF{oNOT e LAREALl LT 200 ANSGARE Y24 _ Te 0o e ANDS*REA2,1.Ta00eORAREAL.CT. !
10esARND s AREA2+CT 40e e ANDAREA3Z.ETL (W) 15T TO 11
XPPP=1,~-YDOP-ZPOD
. CALL DLGC(CGACW R sT sZPOD 4 VACKH s RACWIDEACWIFLAGS
[‘ TALL DLGCUNGR WP 4T o ZPPP VAT 4 "QCW s DERCWSFLANG, T
é U1=XPo0o/11,-2P00)
112=YDDP /(] ,-2D0N0)
CALL XLMX(ULlsFU1,%11)
CALL XLNX('124F'125%11)
DG3 = ((FUl+FU2 #RT+ICPAPPP3ULI%YZ + DGRLY¥U2 4 DGACH*UL) ¥(]1,,-2ZPFP)
D = {(YPD - ¥YDy)&(Z2PPP- ZP) ~ (2FP - 2P) & {yODNo VD)

1 o

ﬁ g DYPRCzYRPP-Y
AREA]l =DYPxDZPOP.NYNRPOXNHZC 3
L

1
11




s e S G TR T, L TR

N W

IF{D¢€G+0.)GO TO 11
GNUY = ((YPP-Y)®(ZPPF-2) -~ (ZPP-2)#(YPPP-Y}})/D

IF{GNUL4LE«O+eORGNULGTL1.3G0 TO 11
GNU2 = ((Y-YP)®({ZPPP~ZP) - (2-2P)#(YPPP=-YP)}/D

IFIGNU2 LE+0e +sDRaGNU2.GT4161G0 TO 11

i GRU3 #1,-GNU1-GNU2

‘ DG = GNUI® DG1 + GNU2 *DG2 + GNU3#DGY
! IF(IPASS.EQ.01GO YO 9
i 1 IPASS = 0

: DGS = DG

§ 9 IF(DG.GT.DGSIGO TO 10

5 DGS = DG

XPPPS = XPPP
YPPPS » YPPP
1PPPS = ZPPP
10 IF(IDeNECOIWRITE(6314)XsYeZsXPsYPsZPyXPP2YPP ZPP o XPPP s YPPP 4 ZPPP DG
11 YPPP = YPPP + DELTA
IF(YPPP.LE.YPPPMXIGO TO 8
2PPP = 2PPP + DELTA
IF(ZPPP,LE.B2) GO TO 7
WRITE(G214)IXsY oZsXP oYP 32P 3XPP JYPP +ZPP »
1XPPPS s YPPPS s 2PPPS 4 NGS
M e M1
1F(M.LTL0)GO TO 2
IF(DGS+GEL04)1GO0 TO 12
81 =AMAX1(81yDGS~DELTA)
B2 =AMIN1{BZsDGS+DELTA)
12 DELTA = DELTA/10.
GO 19 13
14 FORMAT(1H 12F10.7,F10.3)
5 FORMAT { 1H0 25X

o

MR SRR e o, T LG

P,

1 13A06//130H X Y z xP Y
1P P . xpp Ypp zpp xXpop YPPP
2 zpep DELTA G/)
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e

el e &

$IBLDR XLNXF 12717765

XLNX0000
$STEXT XLNXF 127171765 XLNX0OO0O01
*N ((XSTv=T/#27=5 00 BO & 9 94 8 93 77T 77496405 24 8 93 G S 1 XLNXOOO2
ANG( (s XVYRT(®T=5 5 1 TL+03" W= ' 7 ¢ 5 1Z #IPO '14'GLTILTQLYTHIXLNXOOO3
ENEVETETYEX(BT=T4 0474773 v 6 T 'G 074074747449 2 T s THAT 1 XLNXQOOA
#59(21%/ vIis 6 e : XLNX00O0S
SCCICT XLNXF 12/17/65 XLNXO0GO6
#/7 (Yl Qv 1v#)pP (O 0O 9%)P 1R)P~-p PR}~ XLNXOOO07
SDKEND XLNXF 12717765 XLNX0008

$IBFTC CUBICF NOLIST
SUBROUTINE CUBICICOEFsXsYsh)
DIMENSION COEF(3)
TF(XeEQels )RETURN 1
Y = ((X#COEF(31+COEF(2) )1 #X+COEF(1))/{1le-X)
RETURN
END

Lo
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e e & s i et ©

TR AT E o A i W { e .

1 oM D RIS

SIBFTC DGACVF Fu.isT
SURROUT INF DGACVS(DGACVZPP ,#)
COMMON COGACV(3)2COGBCY(3) +CDGACNL3] 4 CDGBCWI D)
CALL CUBIC(CDGACV2ZPPDGACV 810!
RETYURN
10 RETURN 1
- END
SIBFTC DGBCVF FULISY
SUBROUTINE DGBCVS{DGBCVZPP o#)
COMMON COGACV(3)3CIGBCV{I3) o COGACWI3) o COGBCW I 3)
CALL CURIC{CDGRCV2PP.DGBCV»$10)
RETURN
10 RETURN 1
END
SIBFTC DGACWF FULIST
SUBROUTINE OGACWS(DGACW+ZPPP,#)
COMMON COGACV(3)sCDGBCVI3) » COGACW(3) +CDGBCW{3)
CALL CUBIC(CDGACW+ZPPPyDGACWS1()
RETURN
10 RETURN 1
END
$IBFTC DGBCWF FULIST
SUBROUTINE DGRCWS (DGBCW2PPP,#)
COMMON CDGACV(3)+7DGBCV{3) s COGACW(3) +CDGBCW( 3)
CALL CUBIC(CDGBCH +2PPP+DGBCY510)
RETURN
10 RETURN 1
END
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$IBFTC DELGC FULIST
SUBRCUTINE DLGC (DGCsReT+ARGeVIARESDELEFLAG*)
DIMENSION VIS ARE(S) :
GC = ARE(S5)#T + ARE(4)
DGFC ={ALOGIO(T)®ARE(2)+ARE{3))#T + ARE(1l}
CALL DGXS(ARGDELE Ry T+DELGXS+FLAG$2)
DOCa{ { { (ARGRV (S )+V{4 ) ) RARG+V{3) ) RARGHVIZ] ) #ARGHVI1)1+{1.=2. #ARG) *
16C+{1+-ARG)I*DGFC+DELGXS)/(1«-ARG)
IF(FLAGAGT40e IWRITE(G6+11GC+DGFCsDGC
1 FORMAT( 6H GC = E15e¢895X 7THDGFC = E15,B95X6HDGC = E15.8)
RETURN
2 RETURN1
END
SIBFTC DLGXS FULIST
SUBROUTINE DGXS{XsDELEsR»TeDELGXSeFLAGs*)
RT=R#T
IF(DELE)}10+591
R 1 W=DELE/RT
EXPW = EXP (W)
EXPNW =1,/EXPW
CALL XSUBAB(X+EXPNWsXAsXBeFLAG+S10)
CALL PRELIM(XA+XBsEXPNWIEXPWsSMALLR»S»FLAG)
CALL DELGCX(DELEsRTsXAsXBsSMALLRS+DLGCXSeFLAG)
CALL DELGMX(XsXAsXBsRTsDELE +sDLGCXS »DGMEXS+FLAG)
CONJUXA=] o~ XA
CONJXB=1.-XB
CALL XLNX(XA»FXA»$10)
CALL XLNX(CONJXA»FCNJUIXALS10)
CALL XLNX{XB»FXB+s$10)
CALL XULNX(CONJXBsFCNJXB+$10)
DELGXSs{ {FXA+FXB+FCNJIXA “FOCNJIXBI#RT +XB#DELEI#{1e-X)/24
GO TO o :
CONJX=] 4=X
CALL XLNX (XsFX2$10)
CALL XLNX (CONUX+FCONJX+$10}
UX=]e=2e%X
CALL XLNX(UXsFUX+$10)
DELGXS ={FUX=FCONJX+ FX)#RT
9 IFIFLAGeGT 40« )WRITE(6911)DELGXS
RETURN
10 RETURN 1
11 FORMAY(10H DELGXS = E15.8)
END
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SEXECUTE 18J08
SIBJOB AAB0%2 WMAP
SIBFTC TAB FULIST

1

10

11

DIMENSION DELTAEL10).TEE(10)

READ(5+100)IDE s ITo (DELTAE(I )+l 1DE) s (TEE(T)oI=YsIT) s XFaXLsDXsRo»
1FLAG
WRITE{G+S00)(DELTAC(T ) o In) s IDEY» (TEE(L)oIumlsIT) s XFeXLeDXsRsFLAG
DO S0 I=ls17

T=TEEL L)Y

RT=sTHR

DO 49 Js=1,»1DE

DELE=DELTAE(J)

WRITE (6£+200)7DELE

WsDELE/RT

EXPW s EXP{W)

EXPNW = EXP(=~W)}

X=XF

IF(FLAGLGT«04) WRITE(GEsI00IRToWH»EXPWIEXPNW o X

CALL XSUBAB{X+sEXPNWeXAsXBeFLAG»S11}

CALL PRELIMIXA+XBosEXPNWIEXPWeSMALLR »S+FLAG)

CALL DELGCX(DELEsRTo+XA»XBosSMALLR ¢S+DLGCXS+FLAGY

CALL DELGMX{XsXA+XB+R ) +DELE +DLGCXS sDGMEXSsFLAG)

DELGXS={ (XA#ALOG(XA)+XBH#ALOGIXB)+(1+=XAJ*ALOG{1+~XA)+{1.~XB)*ALOG{
11e=XB)Y)#RT+XB4DELE I ¥ (]1e=X)/2¢
WRITE(6+600)XsDLGCXS s DOGMEXS+DELGXS

IFIFLAG.EQe 14 YFLAG=0,

X=xX+DX

IFIXLLELXLIGO TO 10

49 CONTINUE

50 CONTINUE

100 FORMAT{212/(5E13.7 ))

200 FORMAT(1H139XAHT = E15.8+10X10HDELTA E = E15.8/1HO03BX1HX14X12HDELT

1A G C XS TX13NDELTA G ME XS 9X10MDELTA G X5/)

300 FORMAT ({1HO26X3E16.8)
400 FORMAT({27X4E20,.8)
500 FORMAT (1H1/(26X3E16.8 ))

GO 70 1
END
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SIBFTC XSBAB FULIST
SUBROUTINE XSUBAB{X+EXPNWsXAsXBsFLAGs*)
ASTAR=] o =EXPNW
CONJX=14=X
BSTAR=Z{ (1o +X) REXPNW=3,%X+]1,.)/CONIX
CSTAR==2 .8 X/CONJXBEXPNW
XB1==-BSTAR/2./ASTAR
XB2=SORT(BSTAR®BSTAR=4+RASTAR®CSTAR)}/2¢/ASTAR
XBR=XB1l+XR2
IF{{XBeGTaDe)eANDe (XB«LTo1ls1160 TO 10
XA=XB1-XA2
IFL(XBeGTaOsteANDe(XBelTole})IGO TO 10
WRITE (62100)XBsASTARWBSTARSCSTAR
100 FORMAT(6HOXB = E15e8938H » IS NOT IN THE RANGE (O LT XB LY 1)/
1 9HOASTAR = E15,8,10X 8B8HBSTAR = FE15.8,10X8HCSTAR = E15,.8/
216HOGO TO NEXT CASE)
9 RETURN 1
10 XAu2,/CONJIX®X-XB
IFCUXA«GTa0a) « ANDL(XALLTL1,11G0 TO 12
WRITE (69200)XA»ASTARSBSTARXB
200 FORMATIEMOXA = E1548+38H o IS NOT IN THE RANGE (0 LT XA LT 1)a/
1 9HOASTAR = E1548910X BHBSTAR = E158,10X 8HCSTAR = E15.8+10X
25HXB = E158/71K6HO0GO TO NEXT CASE)
GO T0 9
12 IF(FLAG.LE.0.)GO TO 14
WRITE (69300)1XAsXBrASTARWBSTARCSTAR
300 FORMAT( 21HOD UM P X S UB A B/6HOXA = E15.8+5X5HXB = E15.895X
18HASTAR = E1548+¢5X8BHBSTAR = E15¢8+5X+8HCSTAR = E15.8/)
14 RETURN
END
$IRFTC PRLIM FULIST
SUBROUTINE PRELIM( XAsXBsEXPNWsEXPWsSMALLRsS+FLAG)
CONJUXA=1a=XA
CONJXB=1le~XB
U=XA/CONJUXAHE XPNW
V=X8/CONJXR*EXPWw
RNUM=({ (1o +U)RCONJXA) #u2
SMALLR=RNUM/ ( RNUM+EXPNW)
SNUM={[1++V)#CONJXB) *%2
S=SNUM/ ( SNUM+EXPW)
IF{FLAGJ.LE«D0+)GO TO 1
WRITE (63100)UsVsRNUMsSMALLRySNUM,S
100 FORMATIZ2IHOD UM P P RE L I M/BHOU = E15,7s5H V = E15,7»8H RNUM
1= E15e79 9HSMALLR = E15479s8H SNUM = E15¢7+5H S = E15,7/}
1 RETURN
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SIBFTC DGCXS FULIST

SUBROUTINE DELGCX (DELEsRToXAsXBsSMALLRSDLGCXS+FLAG)

DLOCRSS(ALOGIXA/{1s=XA})}BSMALLR + ALOGIXB/{1.~XB}I#S)I#RT + S®DELE

IFIFLAG.GT 0 IWRITE(&+1003DLGCXS

RETURN

100 FORMAT(2IHOD UM P DL G C X S/713H0 DEL GCXS = E15.7/)

END
$.8FTC DGMX FULIST

SUBROUTINE DELGMX (X2 XA+ XBoRT+DELE vDLGECXSsDOMEXS+FLAG)

CONJXAm] o=XA

CONJXBal,.~XBR

ZAMX=ALOGICONJXAIRCONJXA + ALOGIXAI#XA

ZBMX=ALOGICONJXBI®CONJAB + ALNGIXB)#XA

DGMEXS=( ( ZAMX+ZBMX } #RT+XBLDELE) /24 =X/ (1 a=X)#DLGCXS

IFIFLAG.GT o0« IWRITE (6+100)12AMX »ZBMX oL GMEXS

RETURN

100 FORMAT(21HOD UM P D E L G M X/8HOZAMX = E15.7+10XTHZBMX = E15%.7,

110X9HDGMEXS = E15.7/)

END
SIBFTC OGMS FULIST

SUBROUTINE DGMES(XsRT s ALPHA+GME s DGMESG 9 GCoDELGF +FLAG)

IF(X=¢5)10520+30

10 DGMESG sALOG{(1e=2e%X)/(14=X))I®#RT & 2,%DELGF + GC
GO TO 40

20 DGMESG = ALOG{ (1e=2+#ALPHA)/ALPHA)®RT - GME
GO TO 40

30 DOGMESG = ALOG((le=X)/(2a%#X~1e})#RT - GME

40 IF(FLAG.GT.0.)IWRITE(E62100) DGMESG

100 FORMAT{YSHOD UM P D G M E S/10HODGMESG = E15.8/)
RETURN
END

SIBFTC DGCS FULIST

SUBROUTINE DGCSIGIXsGC+GME sALPHA +LELGF yRT osDLGCSGHFLAG!)
IF(X=a5)11Ce20930

10 DLGCSG = ALOGIX/(]1+=2%X))Y#RT -GC
GO TO &0

20 DLGCSG = ALOG((1e+2+%ALPHA)Z/ALPHAY#RT=GC
GO T0 40

30 DLGCSG = ALOGI(2%X~14)/X)I#RT + 2,%DELLGF + GME

40 IFIFLAG,GTW0«IWRITELE+100)DLGCSG

100 FORMAT(21IHOD UM P D G C S I G/10HODLGCSG = £15.,7/)
RETURN
END
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APPENDIX 1II.

Computer program for calculating the excess free energies
of the Me C phases in terms of 2 + w gramatom of alloy. For
theoretical background of this problem, refer to AFML-TR-65-2,
Partl, Volume I (1965)...0.....{Bill Reuss).
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SEXECUTE 18J08
$18J0B 42051 MAP :
SIBFTC 42051 FULIST»DECK«REF

c

~

Y

FROGRAM C {42051) ME2CY PHASE CALCULATION =~ EXCESS QUANTITIES
DIMENSION Y(2500)s XCA{2500) » XCB(2500)s ZA(2500)s ZB(2500)
1 2{25001s HXS(2%00 s GXS(2%500)

1N READ {(5+20) MODELs YMINs YMAX: DY: WMINe WMAXs DW
. FORMAT (11.8X+6E10.0)
WHRITE (6+30) MODEL s YMIN+YMAX DY s WMI NsWMAX » DW
30 FORMATL MY/ 7777727777777 761%X29HPROGRAM C//762X2THLAG2051)77 744X,
1 44HMEZLY PHASE CALCULATIONS -~ EXCESS QUANTITIES///62Xs6HMODEL »
2 117/7773X+s6HYMIN = F1le5 Xy H6HYMAX = Flle5 +4Xs 6H DY = Flle9
3 4Xe CHWMIN = Flle5s4Xy SHWMAX = F1l1la5 s4Xy 6H DW = Flle5 )

W o= WHMIN

35 LINCT = 80

37 DO 29 1x1,4,2500
Y", = 0.
XCALIY = O,

Bt = 0.

ZA(I) = Q.
2B8(1) = 0,
2(1y & 0.
HXS5(1) = 0,

39 GXS(I1) = O,

40 1 = 1
¥Y{1) = YMIN
EMW = 1./ EXPIW)

50 GO TO (1095+200) sMCDEL

100 AA = 2.,% (le~EMW)
LAAA = 2, % AA
106 B = 14 = ¥(1) + EMW®(]1.+Y(I))
C = Y1) & EMW
QUAD = Raa2 4+ AAAARC
1F (GUAD) 107+110.,110
107 zA({1Y = 1.
Z2Rr({1Y = QUAD
GO TO »28an

110 Quan = SORT(QUAD)

XCB(I}) = (-P+QuAD)/AA

IF (XCB(I)~1)120+130,130
120 7F (XCBU(I1)113Cs130»160
130 28¢1) = XCB(])

. XCBUI) = [-B=QUAD)/AA

IF (XCB{1)) 18041554140
140 IF IXC2(1)=1411673150,150
180 20ty = X7O(])

XC2(1) = 0,
168%,2011) = 3,

cO TH o8N

160 XCA (1Y) = Y(I) - xC8(1)
ZAUL)Y = XCA(D)® ALOGIXCA(I)) + (1e=XCALL})}®ALOGI1le=XCALI})
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. ZB(1)= XCB(II®ALOGIXCR(I)) + (14-XCB(I})® ALUG(le=XCB(I))
. HXS(I) = XCR(I) # W
; GO TO 270
y 200 CON = =2, +4,% Evy
205 YEMW = Y(I) # EMw
[I A= CON + Y(I) = YFUW
u B = 2, - YEMW
QUAD = B*¥2 + 4. wAwy(])
[} IF (QUAD) 107+210,210
210 QUAD = SQRT(QUAD)
AA = 2.%A
XCA(I) = (=B + QUAD)/AA
: n IF (XCA(I3-1)220+230+230 :

220 IF (XCA{I)) 230,230,260
230 ZR(1) = XCA(l)
XCAll} = (=R=-QUAN)/AA
IF (XCA(I)) 25042559240
240 IF (XCA(I} = 14) 26092504250
250 2(1) = XCA(I)
255 ZA(1Y = 2,
GO TC 280

260 XCAl = 1o + XCA{I})
XCBIilI) = Y(I)/2.,#XCAI/XCA(]) - 1,
TOIPX = 24/XCA1
TXO01PX = TO1PX * XCA(I)
ZA(T)= TOIPX # ( XCA(I)®ALOG(XCA{I))+{1e=XCALI}}% ALOG(1e=XCA[]I)))
ZBI1)=TXO1PX # ( XCA(I)*ALOG(XCR(I))1+(1e~XCBII))* ALOGI1.-XCB(1}})
HXS(TI) = TXO1PX # XCB(I) # W

27n 2i1)y = ZA(IY + 28(1)
GXS(IY = HXS(I) + Z(1)
IF (I = 24991280, 300 300

280 Y(I+1) = Y(I) + DY

IF (Y(I+1) — YMAX) 290290298
29N 1 = 141

GG TO {(1Nn5,205)+MCDEL

Y gedga ,-Mmmwﬁ,utf PP I

292 Y(1+1) = O.

300 DO 380 J = 1.7

303 IF (LINCT = 42) 3Nn5,250,350

350 LINCT = 0
WRITE (6+360)%0OBEL oW

360 FORMAT (1H1+61Xs 9HPROGRAM C /762X, TH(42051) //7744X944HME2CY PHAS
1E CALCULATIONS - EXCESS QUANTITIES/// 62X » 6HMODEL 1177/
2 57Xs 3HW = E15.8 77/7)

305 IF (XCB(J)) 330,310+330

310 IF (ZA(J)= 14) 320+315+220

315 WRITE (6+316) Y(J) +2B(J)

316 FORMAT(F11.4921Xs31HNEGATIVE VALUE UNDER RADICAL = El6.8+6X ,
1 1SHIYAGINARY POOTS }

- GO T("‘ aTe

- 320 IF (ZA(J)=-2,) 226,327,225

) 27 WRITE (64328) Y(J) » 2P(J)y 2(J)

329 FORMATI( Flle4s13Xs 11HXCS ROOTS ( +E1648 » 3H »E16.8 » 40H ) A
1E NOT IN THE RAMGE BETWEEN O AND 1 )

. .
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; GO TC 378
f 323 IF {ZALJ) = 241 330+323+330
; 323 WRITE (6+324) YiJ)Y » Z28B(J) » 2(J)
: 324 FORMAT (Flle4s13Xy 11HXCA ROOTS ( sE16e8 o+ 3H » +E16.8 5 40H ) A
1RE NOT IN THME RANGE EETWEEN O AND 1 )
- GO TO 378
330 CALL INTAD (YoHXSoY(J) »TRPy DHXS )
CALL INTADIYsZ »Y(J)+TRPD2)
CALL INTADIYGXSsY(J) s TRPHDGXS)
370 WRITE (8¢371) YI(J) oXCA(J) » XCB{J) +ZA(J)I»2ZBIJI)I 22(J) JHXS(J) s
1 GXS(J)s DHXS » DZ » DGXS
371 FORMAT (1Xs&4HY = E15,898H XCA = E15.,8:8H XCB = E15.8:7H ZA =
3 1 E15.8sTH 2B = E15«8¢6H 2 = E15.8/5X6HHXS = E15.,848H GXS =
7 2 E15.,8512H DHXS/DY = E15.8:10H DZ/DY = E15,8+12H DGXS/DY =
3 E15%5.8)
375 LINCY = LINCY + 2
380 CONTINUF

W s WeDW

IF (W=WMAX) 35,35,10

END
SENTRY 42051
$DATA
1 «96 104 «02 «608315768 «70315768 .01}
2 « 96 1004 «02 +68315768 ,70315768 .01
2 N5 1.95% «05 5 Q. «S
1 «05 1.9% «05 5 9. «5
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APPENDIX III.

Computer program for evaluating the high-temperature
thermodynamic properties. For theorstical background, refer
to AFML-TR-65-2, PartIV, Volume I (1965)..... (Len Nole),
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C

[T Catoine = X B,

s18J08 GO sMAP
SIBFTC 8064 LISTIREFLIDECK
C

EVALUATION OF HIGH TEMPERATURE THERMODYNAMIC PROPERTIES

VIA NUMERICAL INTEGRATION

DIMENSION DATA(S500) +HEAD(12) »TABLT (1001 +KDISI20)1sTABLY(100)»
1 TABT (1) TABY(1)

EQUIVALENCE (TABT+DATALL))+(TABY»DATA(201))+(SSTsDATA(40]1))

DO 2 1 =1,:%00

DATA(I )= Q.

CALL SLITE(O)

CALL AS138 (DATAWHEADNE)

IF (NE = 2)60394

sTOP
WRITE (6+5)
FORMAT (27TH (L(I NP UT ERRORIN
GO T0 1
N = DATA(402:
DO 10 I =1,200
IF (TABT(I)1447510
T IF (TABT(1+41))6411»10
10 CONTINUE
11 NOFT = I=}
WRITE (6+12) HEAD

12 FORMAT (1H1:42X¢27HAEROJEY GENERAL CORPORATION/ 36X»41HLIQUID ROCK
1ET PLANT»SACRAMENTO CALIFORNIA / 31X+5SHEVALUATION OF HIGH TEMPERA
2TURE THERMODYNAMIC PROPERTIES/11H DEPT. 4600+80X+8HJOB=-8064/32Xs
312A6)

WRITE (6913) SSTs Ns (TABT(I) s TASY(I)«TABT(I+50)TABY{]4+50)
1TABTII+100)sTABY(I+100)+TABT{I+150)+7ABY(14150)s | = 1,50}

13 FORMAT (//+%0Xe20H I NP U T D AT A //77%sIHSST9IXsTHSUB INT/»
1F1062e8X9120//7023X92HT s8X92HY +10hel0H T(50)+10H Y{50)»10
2X+10H T(100)+10H Y(10C) 210X+ 124 T(150)s10H Y{150) s/7
3(15X9F10e29F1002910XsF10029F10+3910XeF1l02+71023910XsF10e29F1063))

WRITE (65130)
130 FORMAT (1H1448X21H QU T Y UT D AT A /7/7:10H T DEG K »5X,
ISH ¥ 25Xs5H CP 24X s6HHT-HST 904X s6HST=5ST s 5X+5HFOGFE+5X s 10H INTER
2VALS)

A

o Wwhw

KD1S(1)= 1
I =2
K = 2
TINTP = 0,

TABLT(1) = TABT(1)
TABLY(1) = TABY(1)}
J = 2
1464 TABLT(I) = TABTJ)
TABLY(1) = TABY(U)
IF (TART(J+11)20,164e20
16 IF (TART( 421144221160
160 J = J+2
I = 1e¢1
KDIS(K)Y = )
K =K 4+ 1
TABLT(I) = TABT(J)
TABLY(I) = TABY(J)
201 s 1 + 1
J=J+a
GO T0 14
64
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22

24

231

2%

251

SENTRY
ENATA

KDISIK) = NOFT
K = 0

LMN = 1

K = K+1

NML = xDISIK)

LN = XKDIS{K+1)

IF (LMN -11231+231+25

DELHT = Q.

DELST = 0.

CP = TABLY(1)

FOGFE = DATA(401)

GO TO 27

LMN = L MN+]}

DELHT = TABLY{(LMN)®(TABLT(LMN) - 298.,1%)
CALL INT4D (TABT(NML) sTABY(NML)»TABLT(LMN)»YOsDY)
CP = DY#(TABLTI{LMN]) -~ 298,15) + TABLY(LMN}
TEMP = TABLY(LMN)#(le - 29B.15/TABLT(LMN})
CALL SLITET(1sKL)

IF (KL-1)26+264+251

CALL INTGR (TABLTI(LMN-1)»TABLTI(LMN) »TXsN}
CALL INTG (TABT(NML)}sTABY(NML)sTXsYOFT)
GOFTX = YOFT ® (TX = 298.,15)/TX/TX

CALL INTGS (GOFTXeTINT».00001sM)

TINT = TINT + TINTP

TINTP = TINT

DELST = TEMP + TINT

FOGFE = -DELHT/TABLT(LMN)+ DELST + SST

S e e R U At mem > et

WRITE (6930) TABLT(LMN)s TABLY(LMN)» CP» DELHTy DELST» FOGFE» M

FORMAT (F102+F10e3+4F10e2+12Xs13)
IF (TABLTI(LMN))4sl932
IF {(TABLT(LMN) = TABT{LN))25+34+34
IF (TABT(LN) =~ TABT(NOFT))35s1s1
CALL SLITE(1)
GO TO 24
END
8064
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APPENDIX IV.

Computer program for calculating the free energies of
the monocarbide phases using the Wagner-Schoitky vacancy
model. For theoretical background, refer to AFM.-TR-65-2,
Part IV, Volume I (1965).ccccvccccscsscccesss(Jerry Howard)
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SEXECUTE 1rJos

$I8JOB 8072 MAP

S$IAFTC 8072 LISTNFCK

C

C MONOCARBIDES 3Y USING THE VACANCY MODEL.

C8072- PROGRAM H. THERMODYNAMIC CALCULATIONS FOR GROUP IV METAL

DIMFNSION DATA(200) sHEAD(12) s TEMP1(20)+GAC(20)+7BO(20)
1 ALGPAG(20) s ALGPBO(201+GA(20)+GB(20) sRTLN(20)
2 ALFA(20)+TDGF(20)

DIMENSION A(20)sB(20)+BET(20)2CAM{20)

EQUIVALENCE (DATA(1)sTA)s(DATA(2)sTAB) o (DATA(3)»TEL) 2 (DATA(4)
BETA) s {DATA(S) sGAMMA ) o (DATALG) oRETAP) 4 (DATA(7) +GAMMAR ) »
(DATA(E)+BETAPP) 2 (D2 TA(9) +GAMMPP ) » (DATA(11

FoXMIN) 2 (DATALIZ2Y o XMAX ) o {DATA(LA) &NFLX Y
{DATA(1I5) 2 TFMPY) 4 (DATA(55)+GAO),
{DATA(75)+GBO) o (DATA(2%) +ALGPAO) 4 (DATA(115)sALGPBO)
{DATA{15%)sT1C0i. )9 (DATAI35)2AA)» {DATA(36) 8B+ (DATA(37)

s AAP) o {DATAL2B)»372P1» (DATA(39) s AAPP ) » (DATA(4C) +3BPP)

N AP W N e

1 CALL AS138(QATAIHEALNE]

WRITE{(6+88)

88 FORMAT(1H1)

GO TC (594921 oiNE

wWRITC(693)

FORMAT(?0Xe244 I N 2 U T CERROR }

GO 10 1

CALL TXIT

PTR=,00%

ALN?=246%115

R=1.98726

I=1

ICNT1=TICONT+ ,01

M)

wm P

(&}

6 T = TEMPI(I)
IF(T«LT«TAZ) GO TC
IF(TeLT.T3L) GO TO
BET(I)=8ETAPP
GAM"{ [ ) =Garmapn
All)Y = AZPP
e{]) = PTEp
GO TO 9

7T BET(I)=RETA
GAN{T)=5AMMA

G =

Al(I) = AA
B{l) = BB
GO 10 9
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2 BET{I)eRETMP

GAME I YBGAMMNLP

CALL) = AAP

B8lI} = ARP
9 RTaRaT
: TOGF(1)1aBETI1)+GAMIT ) #T
! GBIl)sAtI)+RIT)eT
RTLN(I)==GR(1)=RT#ALN2
ALFALL)= ,S#EXP(~GRIII/RT)
GA(I)o~RTLN(I)=RTH#ALNZ2=-TDGF (1)

T
e e i dl b L eas

c
1s141
j IFLT.LE«ICNTL) GO TO 6
i c
; 20 t=1
; c
; 21 T=TEMP1(J)
CGA = GALJ)
CGR » GB(J)

CRLNA = RTLN(UY
CALF = ALFALD)
RT = R#=T
WRITE(6+22) HEAD

22 FORMAT { 1H] »42X ¢+27THAEROJET GENERAL CORPORATION/36X¢41HLIQUIC ROCKET
1 PLANT sSACRAMENTO CALIFORNIA//38X»1246//719H 1 NP U T D A T A//)
WRITE(6+100) RETLJreGAMIILs AlJ)s B(J) '

100 FORMAT{OX416HLINEAR EQUATICNS/12Xs18HZ DELTA GF A = 3E1245»
16Hs B = 3F12.%/712X018G8+ A = sE128:6Hy B = 4E12.5)
WRITE(6+101)GA0(J) +GBOIIY sALGPAO(J) 2ALGPBOL ) .

101 FORMAT(9Xy6HGAD = »FT<0sBHs GBO = 2FTa0r12He LOG PAC = »F7e3»
112Hs LOG PEO = oFT,3)

28 WRITE(6:29) T

29 FORMAT (9Xs 1SHTEMPERATURE IS #F6e1215H DEGREES KELVIN+/)
WRITE(6+102) CGAsCGB+sCRLNASCALF

102-FORMATI2IH O U T PUT O AT A//9X+9HGA+= 3E12:5+6HeGB+= 1E12e5¢
113HeRT LN ALFA® 3E12.5sTHsALFAx 3E1245//8Xe1HX911Xs4HDOGAB 10X
24HDGBB 911X e 2HDG 12X+ 3HGAB 211X 93HGBB 12X 9 1HG 10X +6HLOG PABX»
36MLOG PB)
Claaa5760T7
C2=C1%ALGPAOL Y)Y
C3sCl#ALGPRO(J)
X=XMIN

30 ARG = ARS{X/s5-1.0)
IF(ARGeLEs1eE-4) GI TO 32
IVIXeLTe0e5) GO TS 34
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32

34

35
3é

33

IFIX«GT«0.%) GO TO 3%

X = 4300

DGA = -CGA-RTHALN>-CRLNA

CGB = =CGR+CCA+TSGA

60 TO 36

DGA = TDGF (I +CO3+RTHALDG((1e=2a#X)/(1e-X))
DGB = —CGB4+RTHRALGGIX/(1e=2.%X))

GO TO 36

DGA = ~COA+RTHALOG((1e=X)/(2e%X=)4a))
DGB = TDGF{J)+CGA+RTHALOG( (2+#X=14)/X}
VRl = 1, =X

DGaVRI#DGA+DGB#X

GAB=DGA+GAO( J)

GBB=DGR+GRO(J)

GaVR1#GAL+X®G8R

ALGPA={DGA+C21/C1

ALGPB={NGR+C3)/C1

WRITE(6333) XeDGAsDGReDGeGARLGER G ALGPAWALGPR
FORMAT (2(2XsF12,5))

XaX+DELX

IF(X.LE«XMAX) GO TO 30

JeJ+l

IF(JLE.ICNT1) GO TO 21

G0 T0 1

END
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